Abstract Arrhenius law implicates that only those molecules which possess the internal energy greater than the activation energy E a can react. However, the internal energy will not be proportional to the gas temperature if the specific heat ratio γ and the gas constant R vary during chemical reaction processes. The varying γ may affect significantly the chemical reaction rate calculated with the Arrhenius law under the constant γ assumption, which has been widely accepted in detonation and combustion simulations for many years. In this paper, the roles of variable γ and R in Arrhenius law applications are reconsidered, and their effects on the chemical reaction rate are demonstrated by simulating onedimensional C-J and two-dimensional cellular detonations. A new overall one-step detonation model with variable γ and R is proposed to improve the Arrhenius law. Numerical experiments demonstrate that this improved Arrhenius law works well in predicting detonation phenomena with the numerical results being in good agreement with experimental data.
chemical reaction rate. The expression [1] of
is referred to as the Arrhenius law, where k is the chemical reaction rate constant, A the pre-exponential factor, E a the activation energy, R u the universal gas constant, and T the absolute temperature in Kelvin. The factor A is assumed to include the effect of molecule collisions. For a reacting system with a constant specific ratio γ and constant gas constant R, the internal energy is proportional only to the temperature. But in the chemical reaction processes where γ and R are varying, the internal energy is not necessarily proportional to the temperature, and can be a function of both gas temperature and the specific heat ratio. Therefore, in this case the term R u T in Eq. (1) does not mean the internal energy though it has energy dimension, and the chemical reaction rate constant k calculated by Eq. (1) will become incorrect, especially at the flame or detonation front.
The overall one-step chemical reaction model with the constant γ and R has been widely used to simulate detonation phenomena for many decades and propulsive performance of pulse detonation engines recently [2-4] because of its simplicity. It has been realized that the employment of constant γ and R for both reactants and products inevitably introduces errors in thermodynamic variable prediction [4, 5] . Therefore, in Ref.
[6], a formulation for calculating variable γ across detonation front was proposed, and it was formulated with the interpolation between the specific heat ratio of the unburned and burned gases to study three-dimensional detonation wave structures. However, it is observed from the numerical results that the pre-exponential factor is dependent on the grid resolution, and has to be tuned according to different grid resolutions; otherwise, the cellular cell structures cannot be well simulated with the proposed model of variable γ . This problem arises not only because the variable γ has to apply, but also because the term R u T in the Arrhenius law must be re-evaluated according to the γ variation. In this study, the role of variable γ in Arrhenius law applications was reconsidered, and its effect on chemical reaction rate calculations was demonstrated by simulating the one-dimensional C-J and two-dimensional cellular detonations. A new overall one-step detonation model with variable γ and R was proposed to modify the Arrhenius law expression. Some numerical tests were carried out to demonstrate the performance of this new detonation model.
Governing equations
The governing equations for the present numerical study are chosen to be the two-dimensional conservation equations of mass, momentum and energy, implemented with finiterate chemical reaction kinetics. Viscous terms and diffusive effects are neglected because of their minor roles in determining the overall flow dynamics of detonation. The chemical reaction is modeled by using a simplified one-step irreversible kinetics model. The governing equations read
where, ρ, u, v, e, and Z represent the density, axial and lateral velocity components, specific total energy, and the reaction progress variable (i.e., mass fraction of reactants), respectively. The pressure p is calculated with the equation of state,
where, γ is the specific heat ratio and q is the heat released per unit mass of reactants. For a one-step irreversible reaction model, the mass production rate of productsω is defined aṡ
where, K is the pre-exponential factor, T the temperature, E a the activation energy per unit mass of reactants, and R the gas constant. In this model, γ and R are assumed to be the same constants both for reactants and products. This model has been widely applied for many years because of its simplicity. The six parameters involved in Eqs. (4) and (5) for stoichiometric hydrogen/air system are chosen to be [4] Z = 1.0, γ = 1.290, R = 368.9 J/(kg K), q = 2.720 × 10 6 J/kg, E a = 4.794 × 10 6 J/kg, K = 7.5 × 10 9 s −1 .
(6)
By considering the problem arising from the constant assumption of γ and R, a variable γ (Z ) was introduced in Ref.
[6] which takes the following expression
where, γ U and γ B are the specific heat ratio for reactants and products, respectively. Since non-dimensional governing equations were used, the gas constant R did not appear, therefore, was not discussed in Ref. [6] . Considering the dimensional governing equations and variable gas constant R, we introduce a new variable gas constant R(Z ) in this study, and modify Eq. (7) into the following equations
where, R U and R B are the gas constants for reactants and products, respectively. From Eqs. (8) and (9), it can bee seen that the variables γ (Z ) and R(Z ) depend on only the reaction progress variable Z , which agrees with our common understanding.
For the newly proposed model, the constant parameters for the stoichiometric hydrogen/air system are taken to be [5] Z U = 1.0, Z B = 0.0, γ U = 1.40, γ B = 1.24, R U = 398.5 J/(kg K), R B = 368.9 J/(kg K), q = 3.50 × 10 6 J/kg, E a = 4.794 × 10 6 J/kg, K = 7.5 × 10 9 s −1 ,
where, γ U , γ B , R U , and R B are determined from the detailed chemical reaction kinetics [5, 7] . The specific heat release q is calculated from the following simplified equation [8] D CJ = 2(γ 2 B − 1)q,
